The formation of new blood vessels by sprouting angiogenesis is tightly regulated by contextual cues that affect angiogeneic growth factor signaling. Both constitutive activation and loss of Akt kinase activity in endothelial cells impair angiogenesis, suggesting that Akt dynamics mediates contextual microenvironmental regulation. We explored the temporal regulation of Akt in endothelial cells during formation of capillary-like networks induced by cell-cell contact with vascular smooth muscle cells (vSMCs) and vSMC-associated VEGF. Expression of constitutively active Akt1 strongly inhibited network formation, whereas hemiphosphorylated Akt1 epi-alleles with reduced kinase activity had an intermediate inhibitory effect. Conversely, inhibition of Akt signaling did not affect endothelial cell migration or morphogenesis in vSMC cocultures that generate capillary-like structures. We found that endothelial Akt activity is transiently blocked by proteasomal degradation in the presence of SMCs during the initial phase of capillary-like structure formation. Suppressed Akt activity corresponded to the increased endothelial MAP kinase signaling that was required for angiogenic endothelial morphogenesis. These results reveal a regulatory principle by which cellular context regulates Akt protein dynamics, which determines MAP kinase signaling thresholds necessary drive a morphogenetic program during angiogenesis.
INTRODUCTION
Formation of new blood vessels from existing vasculature is a multistep process that is tightly controlled by growth factor signaling pathways and heterotypic cell-cell interactions with mural/pericyte cells (Lee et al., 2007) . Sprouting angiogenesis is regulated by tissue oxygen demand via vascular endothelial growth factor (VEGF) secretion from cells in the hypoxic tissue (Tandara and Mustoe, 2004; Hickey and Simon, 2006) . VEGF induces a morphogenic response in endothelial cells (ECs) lining the blood vessel wall, stimulating invasive sprout formation into the hypoxic tissue (Hoeben et al., 2004) .
VEGF receptor (VEGFR) signaling in ECs activates the phosphoinositide 3-kinase (PI3K)-Akt pathway (Abid et al., 2004; Karar and Maity, 2011) . Akt activation is closely associated with multiple VEGF-induced EC functions, including enhanced mitogenic, morphogenic, metabolic, and survival activity (Liao and Hung, 2010) . Lack of endothelial Akt expression leads to reduced vascularization, impaired vessel maturation, and increased vascular permeability (Adini et al., 2003; Chen et al., 2005) . Conversely, sustained endothelial Akt activation induces vascular malformations and pathological angiogenesis (Sun et al., 2005) . This indicates that Akt activity in angiogenesis is dynamic and regulated by contextual cues.
The goal of this study is to examine the temporal regulation of Akt activity in endothelial cells during the migratory and morphogeneic phase of angiogenesis. We applied a VEGF-dependent coculture model of ECs and vascular smooth muscle cells (vSMCs; Evensen et al., 2009 ) and a phosphoflow cytometry approach to assess endothelial Akt protein dynamics regulated by heterotypic cell-cell interactions.
prise, we found that knockdown of Akt1, 2, and 3 in HUVECs led to the formation of more extensively branched networks ( Figure 2E ). Quantification of images confirmed that capillary-like networks formed by Akt1, 2, and 3-knockdown HUVECs had a significantly higher tube total length ( Figure 2F ) and significantly higher number of branch points ( Figure 2G ) than control HUVECs. These results indicate that knockdown of the individual Akt isoforms leads to enhanced EC branching.
Activated Akt is down-regulated in ECs cocultured with vSMCs
The foregoing results suggest that Akt activity may serve an important regulatory role during EC angiogeneic morphogenesis. To confirm this, we investigated the activity of endogenous Akt in HUVECs during coculture with wild-type PaSMCs. We cocultured RFP-expressing HUVECs with PaSMCs and GFP-expressing HUVECs in monoculture. Both cultures were split and fixed at different time points, from 4 h to 5 d postseeding. Fixed cells from monocultures and cocultures were mixed and stained with pAkt (S473 and T308) antibodies and analyzed by flow cytometry. By gating for red fluorescent protein (RFP)-or GFP-expressing cells, Akt activity in HU-VECs from coculture (RFP) or monoculture (GFP) could be selectively analyzed ( Figure 3A ). Akt phosphorylation in cocultured RFP/ HUVECs was compared with the activity in monocultured GFP/ HUVECs at the different time points. We found that Akt phosphorylation at S473 and T308 was reduced in HUVECs cocultured with PaSMCs compared with monocultured HUVECs during the first 3 d of culture ( Figure 3B ). Quantification of the geometric mean of relative fluorescence intensity from three to six independent experiments confirmed down-regulation of phosphorylation of both S473 and T308 during the first 3 d of coculture as compared with monocultured HUVECs (control set to 1; Figure 3 , C and D, respectively). Phosphorylation of the Akt S473 and T308 phosphorylation sites both similarly decrease over 72 h during the most active network formation phase. Of note, pS473 appears to increase at days 4 and 5, whereas pT308 remains unchanged. These results indicate that Akt1 is inactivated during capillary-like formation in coculture with PaSMCs, and thus Akt1 activity is not involved in regulating endothelial branching morphogenesis in this in vitro model.
Akt is degraded by ubiquitin-dependent proteolysis in ECs cocultured with vSMCs
Because Akt phosphorylation was found to be down-regulated in HUVECs cocultured with PaSMCs, we investigated the total Akt protein level in HUVECs from monocultures and cocultures by flow cytometry. We found down-regulation of total Akt protein in cocultured HUVECs compared with monocultured HUVECs correlating with the time of pAkt down-regulation ( Figure 4A ). Quantification of relative geometric mean of fluorescence intensity from three independent experiments confirmed down-regulation of total Akt protein during the first 2-3 d of coculture ( Figure 4B ). Confocal microscopy images of cocultures with cyan-green fluorescent protein (cGFP)-expressing HUVEC and wild-type PaSMCs at 1 and 2 d showed that Akt (red stain) did not colocalize with cGFP HUVECs in coculture, although monocultured HUVECs and PaSMCs both stained positive for Akt ( Figure 4C ), demonstrating that endogenous Akt protein disappeared from cocultured HUVECs already at day 1. To examine the kinetics of total Akt levels in cocultured HU-VECs by Western blot, we stably expressed an Akt-GFP fusion protein in HUVECs before seeding the cells in coculture. The Akt level in these cells was measured at 4 h and up to 5 d in total lysates by probing Western blots with an anti-GFP antibody. We found that the
RESULTS

Constitutive activation of Akt in ECs inhibits capillary-like network formation
We considered that Akt activity dynamics could reflect changes in contextual EC signaling that are necessary for the various cell functions required during neovascular formation. Coculture of primary human ECs with vSMCs was previously shown to induce self-assembly of a network of capillary-like structures in vitro that recapitulates EC migration, morphogenesis, and lumen formation that is dependent on heterotypic EC:vSMC cell-cell contact, vSMC-derived VEGF 164 , and endothelial VEGFR2 signaling (Evensen et al., 2009 (Evensen et al., , 2010 (Evensen et al., , 2013a . We investigated the effect of graded, constitutive Akt1 kinase activation in ECs on the formation of capillary-like networks. We expressed constitutively active myristolated Akt1 (myrAkt1) and phosphorylation-site alanine-substitution mutants (myrAkt1(T308A), myrAkt1(S473A)) in primary human dermal microvascular endothelial cells (HDMVECs) and human umbilical vein endothelial cells (HUVECs). The phosphorylation profiles of the Akt1 mutant constructs have been described previously (Hellesoy et al., 2014) . Internal ribosome entry site (IRES)-green fluorescent protein (GFP) retroviral vector-transduced endothelial cells served as control cells. HDMVECs and HUVECs were cocultured with human pulmonary artery smooth muscle cells (PaSMCs) for 5 d, and capillarylike network formation was quantified by live-cell fluorescence microscopy as previously described (Evensen et al., 2013a) . Of interest, we found that constitutively active myrAkt1 expression in both HUVECs and HDMVECs blocked EC network formation ( Figure  1A ). Expression of hemiphosphorylated myrAkt1(T308A) and myrAkt1(S473A) resulted in intermediate inhibition, with significantly reduced tube total length ( Figure 1B ) and fewer branch points ( Figure 1C ) than in controls. We did not observe significant differences between the two phosphorylation-site mutants in HUVECs; however, in HDMVECs, the myrAkt1(T308A) mutant gave a significantly more disrupted phenotype (Figure 1 , B and C, right). Western analysis confirmed the expected pAkt level in myrAkt1-expressing cells (Supplemental Figure S2 ). Collectively these results show that constitutive Akt1 activity inhibits EC network formation in an Akt kinase-dependent manner.
Inhibition of Akt does not affect capillary-like network formation
It was previously shown that EC morphogenesis and migration in coculture occurs during a 72-h period, followed by maturation of the capillary-like network (Evensen et al., 2009) . To investigate the role of Akt1 in network formation, we treated cocultures with the selective small-molecule allosteric Akt inhibitor AktVIII (1 μM) at cell seeding day 1 or 3 and imaged at day 5, when a mature capillary-like network is formed. Surprisingly, treatment with AktVIII (1 μM) did not inhibit network formation at any time point. Indeed, cocultures treated with AktVIII appeared highly branched (Figure 2A ). Quantification of networks confirmed that inhibition of Akt with AktVIII had no significant effects on network formation ( Figure 2B ). Western blot analysis of pAkt levels in AktVIII-treated HUVECs confirmed that pAkt levels were strongly reduced (Supplemental Figure S1 ). This suggests that activation of Akt is not necessary for capillary-like network formation in this in vitro model.
Akt1 is reported to be the predominantly expressed isoform in ECs (Chen et al., 2005) . Analysis of the expression level of the three Akt isoforms in HUVECs confirmed that Akt1 was the predominantly expressed isoform, whereas low levels of Akt2 and Akt3 were also detected ( Figure 2C ). We assessed small interfering RNAs (siRNAs) against all three Akt isoforms in HUVECs ( Figure 2D ). To our sur-FIGURE 1: Constitutive Akt1 activity blocks capillary-like network formation. HUVECs and HDMVECs expressing mutant myrAkt1 constructs were grown in coculture with PaSMCs. (A) Fluorescence microscopy images show that control cells of both cell types form interconnected branched capillary-like networks. Constitutive activation of Akt1 in ECs inhibited network formation in a grade-dependent manner. (B) Quantification of network formation confirmed that HUVECs and HDMVECs expressing hemiphosphorylated Akt1 mutants had a significantly shorter tube total length than control cells (set to 100%). (C) Networks formed by Akt1 mutant cells also had a significantly lower number of branch points than control cells. Asterisk indicates statistically significant difference from control (set to 100%). *p < 0.05, min n = 9, max n = 14.
FIGURE 2: Inhibition of Akt does not inhibit capillary-like network formation. Cocultures of HUVECs and PaSMCs were treated with the Akt inhibitor AktVIII at time zero and days 1 and 3 and imaged at day 5. Inhibitor-treated cocultures were morphologically similar to control cells (A), and the tube total length was not significantly different from controls (B). Akt isoform expression levels of HUVECs were examined by Western blot. Akt1 was the predominantly expressed isoform, whereas only small amounts of Akt2 and Akt3 were detected (C). All Akt isoforms were knocked down by siRNA (D) and grown in coculture with PaSMCs for 5 d. Western blot exposures were optimized to show relative differences from control. Cultures were imaged with fluorescence microscopy (E), and network formation was quantified. Tube total length (F) and number of branch points (G) were significantly higher in networks formed by Akt1, 2 (except siAkt2_6), and 3 knockouts than with control. Asterisk indicates statistically significant differences from control (set to 100%). *p < 0.05, min n = 9, max n = 10.
FIGURE 3: Activated Akt is down-regulated in ECs cocultured with vSMCs. To compare endogenous intracellular signaling in HUVECs from monocultures and cocultures, RFP-expressing HUVECs were cocultured, and GFP-expressing HUVECs were grown in monoculture. After fixation, monocultures and cocultures were mixed and stained for flow cytometric analysis. By gating for RFP-and GFP-expressing HUVECs, intracellular signaling in separate populations ization. These results support the notion that the Akt and Erk pathways crosstalk during endothelial capillary-like network formation.
MAP kinase pathway activation is essential for capillary-like network formation
Our results indicated a dynamic reciprocity in endothelial Akt-and Erk-mediated signaling during capillary-like network formation. We therefore examined the effect of treatment of cocultures with inhibitors at different time points in order to map the requirement for Akt and Erk signaling at different stages of network formation. Cocultures of HUVECs and PaSMCs were treated with Akt inhibitor (AktVIII), MEK1 inhibitor (PD-98059), and MEK1/2 inhibitor (U0126) from time zero and up to 5 d. AktVIII treatment was only assessed at days 0, 1, and 3. We found that addition of the Akt inhibitor did not inhibit network formation at any of the time points assessed (Figure 7 ). Inhibition of MEK1 by PD-98059 had an inhibitory effect when added at days 0 and 1 but did not affect network formation when added at later time points, indicating that MEK1 is not required for maintaining an EC network once it is formed. However, the dual MEK1/MEK2 inhibitor U0126 had a significant inhibitory effect when added at all time points, although the degree of inhibition decreased dramatically after day 1. The inhibitory effect of U0126 when added at day 5 shows that this inhibitor acts as a vascular disruptive agent, indicating that the MAP kinase signaling pathway is also required for the persistence of a stable EC network.
Constitutive active PI3K, but not B-Raf, interferes with capillary-like network formation
To further elucidate the reciprocal regulatory role of the PI3K-Akt and MAP kinase signaling pathways in capillary-like network formation, we expressed constitutively active PIK3CA (myrPIK3CA and PIK3CA E545K) and oncogenic B-Raf mutant (BRAF V600E). Constitutively active myrPI3KCA expression in HUVECs formed large aggregates, and we observed little or no indication of EC elongation ( Figure 8A ). Of note, PI3KCA E545K-expressing ECs displayed a different phenotype than unbranched, elongated ECs (Figure 8 , B and C). BRAF V600E expression formed elongated, branched networks without significant changes in branch point number ( Figure  8C ). Hence constitutive activation of PI3K-Akt signaling blocks capillary-network formation.
DISCUSSION
Akt is a key intracellular signaling node integrating multiple vital cellular processes, including cell survival, proliferation, migration, metabolism, and translation (Whiteman et al., 2002; Altomare and Testa, 2005; Stambolic and Woodgett, 2006) . Akt inhibition interferes with vascular growth and leads to abnormal vessel function (Adini et al., 2003; Chen et al., 2005) , whereas constitutive Akt signaling in ECs induces severe vascular pathologies (Sun et al., 2005) . Therefore temporospatial Akt regulation is considered essential for normal angiogenesis (Sun et al., 2005) . However, the timing and nature of this regulation are not known. Our results reveal that endothelial Akt signaling dynamics during VEGF-dependent endothelial migration and branching morphogenesis is governed by heterotypic cell-cell contact with mural cells ( Figure 9A ). We propose a Akt-GFP protein was not detectable in cocultured HUVECs already after 4 h of culture and remained low until day 2, then recovering to monoculture-Akt levels. As a control, cGFP HUVECs were used, and we showed that HUVECs have a stable cGFP expression throughout the 5 d of coculture with PaSMCs ( Figure 4D ).
We examined whether the loss of Akt protein within the first 4 h of coculture was due to proteasomal degradation. We treated cocultured and monocultured HUVECs expressing Akt-GFP fusion protein with the proteasomal inhibitor MG132 for 24 h. As expected, total ubiquitinated protein levels increased in both monocultures and cocultures treated with a proteasomal inhibitor ( Figure 4E, left) . Ubiquitinated Akt-GFP protein was detected in both untreated and treated cocultured HUVECs (Figure 4E, right) . These results indicate that Akt-GFP is targeted by polyubiquitination for proteasomal degradation in endothelial cells when cocultured with vSMCs.
Mitogen-activated protein kinase signaling is required for capillary-like network formation
Our results indicated that the formation of VEGF-dependent endothelial cell networks in the presence of mural cells requires Akt down-regulation. Hence heterotypic HUVEC-PaSMC interaction could potentiate signaling via alternative pathways. VEGFR2 activates the mitogen-activated protein (MAP) kinase signaling pathway (Rousseau et al., 1997) and capillary sprouting by HUVECs in vitro and has been shown to be dependent on activation of extracellular regulated kinase (Erk1/2; Zhou et al., 2007) . Furthermore, both the PI3K-Akt and MAP kinase pathways are activated during angiogenesis in vivo (Zhou et al., 2007; Wang et al., 2013) . Therefore we investigated the effect of PI3K-Akt and MAP kinase pathway inhibitors on EC-SMV cocultures. We seeded cocultures of HUVECs and HD-MVECs in the presence of inhibitors of PI3K (wortmannin) and MEK1/2 (PD-98059 and U0126). Cultures were grown for 3 d, and network formation was quantified. Congruent with our earlier results, we found that PI3K inhibition did not affect network formation ( Figure 5, A and B, respectively) . However, both PD-98059 and U0126 strongly inhibited network formation in HUVECs and HDM-VECs. Inhibition of pAkt and pErk levels by the cognate inhibitors is shown in Supplemental Figure S1 . These results indicate that the MAP kinase signaling pathway is essential for capillary-like network formation in the coculture setting.
Erk phosphorylation is up-regulated in ECs cocultured with vSMCs
Because treatment of cocultures with small-molecule inhibitors will inhibit signaling in both ECs and vSMCs, we measured MAP kinase signaling in HUVECs during coculture with PaSMCs by flow cytometry. We found that Erk phosphorylation was strongly up-regulated ( Figure 6A ). Erk activation in HUVECs during the initial 2 d of coculture with vSMCs was higher than in monocultures but similar to monoculture levels at days 3 and 4, as shown by quantification of the relative geometric mean of fluorescence intensity ( Figure 6B ). Total Erk expression in cocultures was not significantly different from that in monocultured HUVECs after day 1. These results show that the strong increase in Erk phosphorylation mirrored Akt down-regulation in these cells and that Akt recovery coincided with pErk normalcould be performed (A). Phosphorylation of both pS473 and pT308 of Akt1 was found to be reduced during the initial (Chen et al., 2012) . Ren et al. (2010) found that arteriogenesis in mice and zebrafish was stimulated by down-regulation of PI3K activity, suppression of Akt1 (but not Akt2), or expression of a constitutively active Erk1/2 construct in ECs. They propose a model in which VEGF stimulation leads to partial inhibition of PI3K signaling, which activates the MAP kinase signaling pathway and suppresses Akt1 activity, thereby promoting arteriogenesis (Ren et al., 2010) . Congruently, Akt1 and Erk exhibited dynamic reciprocity during capillary-like network formation in vitro ( Figure 9A ). Enhanced endothelial Erk activation in response to coculture with mural cells coincided with both reduced Akt phosphorylation and total Akt protein levels and was required for capillary-like network formation. Subsequent recovery of Akt protein levels correlated with normalized MAP kinase signaling and stabilization of branched endothelial cells.
Strikingly, our results reveal that constitutively active Akt1 mutant expression profoundly inhibited capillary-like formation. This shows model in which EC-mural cell heterotypic contact activates an endothelial E3 ubiquitin ligase that targets Akt for proteasomal degradation, potentiating Erk activation necessary for endothelial migration and capillary-like network formation ( Figure 9B ).
VEGF receptor signaling regulates multiple endothelial functions, including EC survival, proliferation, migration, and vascular permeability (Zachary, 2003) . VEGFR2 activates both the PI3K-Akt and MAP kinase pathways, and inhibition of either severely inhibits neovascularization in vivo (Yang et al., 2009b) . Previous studies reported that Akt activation inhibits the Erk activity (Rommel et al., 1999; Reusch et al., 2001; Moelling et al., 2002; McCubrey et al., 2007; Huang et al., 2012) . PI3K/Akt-MAP kinase signaling crosstalk is implicated in arterial vein specification (Hong et al., 2006) . Akt regulates modulation of Raf signaling specificity through inhibitory phosphorylation of the kinase regulatory domain Guan et al., 2000; Reusch et al., 2001) . Conversely, the constitutively active BRAFV600E mutant has also been shown to FIGURE 5: MAP kinase signaling, but not PI3K, is required for capillary-like network formation. Cocultures of HUVECs (A) and HDMVECs (B) with PaSMCs were treated with the PI3Kinase inhibitor wortmannin (0.5 μM), the MEK1 inhibitor PD-98059 (10 μM), and the MEK1/2 inhibitor U0126 (10 μM) for 3 d. Cultures were imaged by fluorescence microscopy, and tube total length was quantified. Results are represented as fold change relative to control. PD-98059 and U0126 inhibited network formation significantly in both cell types, whereas wortmannin showed no significant inhibitory effect. Asterisk indicates significant differences from control (set to 100%). *p < 0.05, n = 5.
four independent experiments confirmed that total Akt levels were reduced relative to monocultured HUVECs (set as 1). (C) Top, endogenous Akt expression in cocultured HUVECs was also examined by confocal microscopy. Bottom, Akt (red) did not colocalize with GFP-expressing HUVECs cocultured for 1 and 2 days with PaSMCs. Monocultured HUVECs and PaSMCs both stained positive for Akt. (D) Akt expression in cocultured HUVECs was also examined by Western blot. HUVECs were transduced with an Akt-GFP fusion protein and grown in coculture. The level of GFP expression was examined in total lysates from cocultures at 4 h up to 5 d. cGFP-expressing HUVECs were used as control. Whereas Akt-GFP expression level was reduced in cocultured HUVECs during the initial 2 d of culture, cGFP expression level remained stable. (E) To investigate proteasomal degradation, cocultures and monocultures of Akt-GFP-expressing HUVECs were treated with the proteasomal inhibitor MG132 for 24 h. Akt-GFP was immunoprecipitated from total lysates using a GFP antibody. (Left) Polyubiquitinated proteins accumulated in total lysates after MG132-treatment. Postimmunoprecipitation, blots were probed with antibodies for Akt (middle) and ubiquitin (right). Cocultured HUVECs displayed increased ubiquitination of Akt-GFP compared with monocultured HUVECs both in MG132-treated and untreated samples. Asterisk indicates statistically significant differences from control (set to 1). *p < 0.05, min n = 2, max n = 4.
hibition of the p110α subunit of PI3K (Soler et al., 2013) and was also observed in tumors implanted into Akt1-knockout mice (Chen et al., 2005) . A recent study also showed that endothelial myrAkt1 expression drives hemangioma formation in vivo (Phung et al., 2015) .
We demonstrate that Akt signaling dynamics is accomplished by targeted protein degradation. Many proangiogenic and antiangiogenic signaling molecules are regulated by ubiquitin-dependent that Akt1 is not an unconditionally proangiogenic molecule and that Akt activity dynamics is critical to normal multistep branching capillary formation. Our results indicate that constitutively active Akt1 disrupts the normal network formation not by increased, uncontrolled angiogenesis (Sun et al., 2005) but instead by affecting capillary branching. Indeed, increased vascular branching was previously observed in tumor-bearing mice after genetic and pharmacological in-FIGURE 6: Erk phosphorylation is up-regulated in ECs cocultured with vSMCs. We used three-color flow cytometry to investigate phosphorylation of Erk and total Erk expression in cocultured HUVECs. Erk phosphorylation was strongly up-regulated in the initial 2 d of coculture compared with monocultured HUVECs (A), as confirmed by quantification of relative geometric mean of fluorescence from two to four individual experiments (B). Total Erk was slightly reduced in cocultured HUVECs during the initial 3 d of coculture compared with monocultured HUVECs, although this reduction was only significant at 24 h (A, C). Asterisk indicates statistically significant differences from control (set to 1). *p < 0.05, min n = 2-4, except for C, 4 d, for which n = 1.
FIGURE 7: MAP kinase signaling is required for early capillary-like network formation. Cocultures of HUVECs with PaSMCs were treated with the MEK1 inhibitor PD-98059 (10 μM), the MEK1/2 inhibitor U0126 (10 μM), and the Akt inhibitor AktVIII (1 μM). Inhibitors were added at the indicated time points from days 0-5, and cultures were imaged for network quantification at day 5 or 6. PD 98059 and U0126 had a significant inhibitory effect when added at all time points. AktVIII addition was only assessed at days 0, 1, and 3. AktVIII did not affect network formation at any time point. Asterisk indicates significant differences from control (set to 100%). *p < 0.05, min n = 5, max n = 10.
FIGURE 8: Constitutive activation of PI3K-Akt and MAP kinase signaling pathways interferes with capillary-like network formation. (A) HUVECs expressing B-Raf V600E, myrAkt2, myrAkt3, PI3CA E545K, and myrPI3CA were cocultured and imaged after 5 d with fluorescence microscopy. (B) Quantification of network formation showed that B-Raf V600E-and myrAkt2expressing HUVECs formed networks with significantly shorter tube total length than control, whereas networks formed by PI3CA E545K-expressing HUVECs had a significantly higher tube total length than controls. (C) The relative number of branch points in networks formed by all mutants except B-Raf V600E-expressing HUVECs was significantly less than in networks formed by control cells. Asterisk indicates statistically significant difference from control (set to 100%). *p < 0.01, min n = 20, max n = 29.
plete loss of Akt1 protein coinciding with K-48-linked ubiquitination. There are several E3 ubiquitin ligase candidates whose activities lead to Akt degradation, including the tetratricopeptide repeat domain 3 (TTC3), which specifically interacts with activated Akt (Suizu et al., 2009; Kim et al., 2011) , the proapoptotic mitochondrial ubiquitin ligase activator of NF-κB (MULAN) E3 ligase (Bae et al., 2012) , the breast cancer susceptibility gene 1 (BRCA1 gene), which acts as an E3 ligase interacting with only phosphorylated Akt (Xiang et al., 2008) , and the Hsc-70-interacting protein (CHIP) E3 ligase, which causes Akt ubiquitination and degradation as a response to cellular stress (Dickey et al., 2008) . However, the identity of the E3 ligase responsible for proteasomal degradation of endothelial Akt in coculture with vSMC remains unknown.
Akt1 knockdown in growth factor-stimulated epithelial cells enhanced Erk activation and increased cell migration (Irie et al., 2005) , in agreement with our observations in EC-vSMC coculture. However, Irie et al. (2005) also found that Akt2 knockdown inhibited cell migration. In contrast, we found that silencing of all three Akt isoforms facilitated capillary-like network formation. Thus, although Akt1 is the main Akt isoform expressed in ECs, Akt3 and possibly also Akt2 may influence angiogenesis. Indeed, a recent report highlighted regulatory interactions between different Akt isoforms in endothelial cell neoplasms (Phung et al., 2015) . Endothelial Akt3 up-regulation was shown to be PI3K and MAP kinase dependent but Akt1 independent (Fieber et al., 2006) and is an important regulator of VEGF-stimulated mitochondrial biogenesis (Wright et al., 2008) .
In summary, our results support a new regulatory principle according to which endothelial cellular context determines Akt protein dynamics and MAP kinase signaling thresholds to drive a morphogenetic program during angiogenesis. Further studies are needed to define the molecular mechanisms that lead to Akt1 degradation and pathway crosstalk.
MATERIALS AND METHODS Vectors
The myrAkt1 construct has been previously described (Barthel et al., 1997; Lorens et al., 2000) . The Akt1-GFP fusion construct was prepared by cloning the open reading frame of the Akt1 cDNA inframe with the GFP sequence of the cGFP retroviral vector. The my-rAkt3 construct was generated by substituting Akt1 for Akt3 (generously provided by Johanna Ivaska, University of Turku, Finland) in a retroviral myrAkt1-IRES-GFP vector. The myrAkt1(T308A) and proteolysis (Rahimi, 2012) . To our knowledge, ubiquitin-mediated degradation of Akt has not been reported in the regulation of angiogenic sprouting. However, lysine 63 chain (K63)-linked nonproteolytic ubiquitination (Yang et al., 2009a; Chan et al., 2012; and lysine 48 chain (K-48)-linked ubiquitination and subsequent proteasomal degradation of Akt (Dickey et al., 2008; Xiang et al., 2008; Santi and Lee, 2010) are evident in other systems. K-63-linked ubiquitination of Akt has emerged as an important mechanism of fine-tuning of Akt activation . We found a com- Direct heterotypic cell-cell contact activates an unknown endothelial E3 ubiquitin ligase that targets Akt for proteasomal degradation. Mural cell-induced Akt degradation potentiates the Erk activation that is necessary for endothelial migration and capillary-like network formation.
tion, the BD Pathway 855 bioimaging system (BD Biosciences) was used. Images were acquired in 2 × 2 or 3 × 3 montage at 100× magnification, and background subtraction, noise reduction (rolling ball, 25 × 25 pixels) and image thresholding were performed using AttoVision v1.6.1 software (BD Biosciences). Minimum scrap size was set to 3000 pixels to filter out debris and exclude single cells. Network formation was quantified using the parameters tube total length and branch points. All graphs are represented as mean ± SEM. Assessment of statistical significance was done using a two-tailed, two-sample Student's t test assuming unequal variance in Excel v.14.1.0 (Microsoft, Albuquerque, NM).
Inhibitor treatment of cocultures
Cocultures were seeded as described earlier in relation to EGM-2 medium containing inhibitors. The following inhibitors were added at the indicated concentrations (determined by dose-response experiments in HUVECs): 10 μM PD98059 (#9900S; Cell Signaling Technology, Danvers, MA), 10 μM U0126 (#9903; Cell Signaling Technology), 1 μM AktVIII (#124018; Merck Millipore, Darmstadt, Germany), and 0.5 μM wortmannin (#9951; Cell Signaling Technology). Stock solutions of all inhibitors were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich), and control cultures were treated with corresponding amounts of DMSO. Cocultures were imaged and analyzed as described earlier. Assessment of statistical significance was done using a one-tailed, two-sample Student's t test assuming unequal variance in Excel v.14.1.0.
Flow cytometry
Cells were incubated with 10× trypsin (Sigma-Aldrich) on ice until detachment (∼20-30 min). Cells were fixed with 2% paraformaldehyde (PFA; Electron Microscopy Sciences, Hatfield, PA) for 10 min at 37°C. PFA was added directly into the trypsin solution. Cells were incubated on ice for 1 min before methanol was added slowly to a final concentration of 90%. Samples were incubated on ice for additional 30 min and stored at −20°C (up to 2 wk) or −80°C (long-term storage) until staining.
For intracellular staining, cells were incubated in blocking buffer (BB; PBS + 0.5% bovine serum albumin [BSA]) for 15 min at room temperature. Primary antibody was added in BB: p-p44/42 MAP kinase mouse monoclonal antibody (mAb; #9106S; Cell Signaling Technology) 1:2000, pAkt (S473) rabbit mAb (#4058L; Cell Signaling Technology) 1:400, pAkt (T308) rabbit Ab (#9275; Cell Signaling Technology) 1:250, or Akt (pan) mouse Ab (#9272; Cell Signaling Technology) 1:50. Samples were incubated for 40 min at room temperature and washed once in BB. Subsequently, samples were incubated with secondary Ab Alexa 647 goat anti-rabbit (#A21244; Invitrogen) 1:2000 or Pacific Blue goat anti-mouse (#P31582; Invitrogen) 1:2000 in BB for 30 min at room temperature. Samples were then washed once, resuspended in PBS, and analyzed using a LSR Fortessa (BD Biosciences), FACS Accuri C6 (BD Biosciences), or FACS Aria (BD Biosciences) flow cytometer and processed using the FlowJo7.6 software.
Microscopy
Cocultures or monocultures of HUVECs and PaSMCs were cultured for 1-2 d. Cells were fixed in 4% PFA/PBS at room temperature for 25 min, washed in PBS, and blocked in PBS/0.3%Triton X-100 (Sigma-Aldrich)/5% goat serum (Sigma-Aldrich) for 1 h at room temperature. Primary Ab Akt (pan) mouse Ab (#9272; Cell Signaling Technology) was added in PBS/0.3% Triton X-100/2% FBS at 1:200 and incubated for 24 h at 4°C. Cells were washed three times in PBS and incubated in secondary Ab Alexa Fluor 647 goat anti-mouse myrAkt1(S473A) constructs were generated by introducing point mutations in the phosphorylation sites, substituting threonine and serine for alanine, respectively. Point mutations were introduced using a QuikChange XL Site Directed Mutagenesis Kit (Stratagene/ Agilent Technologies, Santa Clara, CA), following the manufacturer's instructions. Primers used were as follows: T308Akt, 5′-GGTGC-CACCA TGAAGGCCTT TTGCGGCACA CCTG-3′; and S473Akt, 5′-CCCACTT CCCCCAGTTC GCCTACT CGG CCAGCGGC-3′.
Cells
HUVECs (single-donor lot; Lonza, Basel, Switzerland) were grown in EGM-2 medium (Lonza). PaSMCs (single-donor lot; Lonza) were grown in SmGm medium (Lonza). Phoenix A retroviral packaging cells (Gary Nolan, Stanford University, Stanford, CA) were grown in DMEM, 4500 mg/ml glucose (Sigma-Aldrich, St. Louis, MO), supplemented with 10% fetal bovine serum (FBS; Euro Clone/PAA), 5% penicillin-streptomycin (Sigma-Aldrich), and 5% l-glutamine (Sigma-Aldrich).
Retroviral transduction
Phoenix A retroviral packaging cells were transfected according to Swift et al. (1999) . Briefly, subconfluent Phoenix A cells were transfected by CaCl 2 precipitation in the presence of chloroquine (Sigma-Aldrich). Virus was harvested in EGM-2 medium 48 h posttransfection, filtered through 0.45-μm-pore-size polysulfonic filters, and added to subconfluent HUVECs with 5 μg/ml protamine sulfate (Sigma-Aldrich). HUVECs were incubated with virus for 16 h. Transduced HUVECs were purified based on IRES-GFP marker expression by flow cytometry sorting on a FACSAria Cell Sorter (BD Biosciences, Franklin Lakes, NJ) or by puromycin selection (1 μM; Sigma-Aldrich) for ∼24 h.
siRNAs and transfection of HUVECs
Plasmid 9018: 1271 pBabe puroL Myr HA Akt2, Plasmid 12523: pBabe puro Myr HA PIK3CA, Plasmid 12525: pBabe puro HA PIK3CA E545K, and Plasmid 15269: pBabe-Puro-BRAF-V600E were purchased from Addgene (Cambridge, MA). Transfection of HUVECs was done in six-well plates. Transfection reagents were mixed, vortexed, and incubated at room temperature for 30 min. Reagents (per six-well) were 95 μl of Opti-MEM Reduced Serum Medium with GlutaMAX (#51985-034; Invitrogen, Waltham, MA), 2 μl of siRNA (60 nM final concentration), and 4 μl of HiPerFect Transfection Reagent (#301705; Qiagen, Venlo, Netherlands). Cells were split and seeded at a density of 30-40% confluency in 650 μl of complete EGM-2 medium. Transfection reagents were added dropwise, and the cells were incubated overnight. The next day, 700 μl of EGM-2 was added (transfection reagents were not removed), and cells were incubated for additional 48 h. Transfected HUVECs were then split and seeded out in coculture with PaSMCs, as described in the following section.
In vitro coculture assay
ECs and PaSMCs were mixed and seeded in culture plates in a 1:5 ratio in EGM-2 medium (Lonza). We used 10,000 HUVECs and 50,000 PaSMCs in 96-well plates and adjusted the cell number accordingly in larger culture vessels. HDMVECs formed less-dense networks, and 12,000 cells were therefore used when coculturing these cells. Cocultures were grown from 4 h up to 6 d. Nonfluorescent cells were stained with UEA-Lectin-FITC (L9006; Sigma-Aldrich) 1:1000 diluted in culture medium for 45 min at 37°C and thereafter washed three times in phosphate-buffered saline (PBS) before imaging. For imaging and quantitative analysis of network forma-
